The inclusion of the modal continuum and the characteristics of the Born series in range-dependent propagation is addressed in the context of the continuous differential form of coupled mode theory.
The representation of the modal continuum and the characteristics of the Born series in range-dependent acoustic propagation are examined using the differential form of a coupled mode approach.
For waveguides possessing cylindrical symmetry with a point source at the origin, the pressure P can be expressed as, P(z,r)=Z(z,r)tR(r), where Z(z,r) satisfies the local depth Sturm-Liouville eigenvalue equation, and R(r) satisfies the coupled integro-differential equation, R=GS+GCR. S is the source fmction. The quantities Z, R, and S are column matrices spanning the mode dimension N. The NxN matrices G and C are the adiabatic Greens finction and mode coupling operators, respectively.
The UK method (1) is used to solve for R. In principle R may be expanded in a Born series, R=GS+GCGS+GCGCGS+ .".. When the coupling is exceptionally strong or discontinuous, one may expect that the Born series will not converge, making it necessary to solve for R using the UK method. The convergence of the Born series for range-dependent propagation in underwater acoustics has not been previously addressed.
To illustrate the validity of the UK approach when the coupling is strong, Figure 1 compares the adiabatic to the UK coupled mode calculations for ASA benchmark 4B (2). The waveguide is flat with a rigid bottom, and the SW has strong range variations in the first 400 m. The propagation frequency is 25 Hz, and the total number of modes is 17. The UK calculation, which took ten Lanczos vectors for convergence, is in excellent agreement with the benchmark result (2). The adiabatic result, however, has significant differences with the coupled result due to the strong range variations. A Born series approach was applied, and it was discovered that the series converged to the coupled mode result in twelve iterations. (2)) to those predicted by the UK method and by the adiabatic approximation. The halfspace is represented by a homogeneous layer over a rigid boundary at 3000 m. A total of 86 modes were used. At the source there are three propagating modes. The UK result is in excellent agreement with the benchmark (2), whereas the adiabatic result gives very poor results. The reason for the poor adiabatic result is that, as modes 3 and 2 transition from being trapped in the water column to becoming false bottom modes, their eigenvalues become very close in value to the false bottom mode closet to the branch point for the Iossless homogeneous halfspace.
Near singular behavior of the coupling causes the Born series not to converge. In quantum scattering when there are strong resonances, for example pi-meson scattering, the Born series does not converge. The singular behavior of the coupling in benchmark 2 is analogous to scattering at a resonance energy in nuclear or elementa~particle physics. The use of a false bottom to include the continuum makes a coupled-mode calculation inefficient because of the large number of modes required. An alternative approach is to introduce a subbottom that gives as good a representation of the continuum as a false bottom, but does so with significantly fewer modes and permits a viable coupled mode description.
For the Iossy wedge (2) benchmark 3, the bottom halfspace is represented by a homogeneous layer to 220 m, followed by a layer where there is a negative sound speed gradient and a positive absorption gradient over a homogeneous halfspace (3) . The leaky and branch mode segments of the eigenvalue spectrum in the complex plane are well separated, making possible the construction of a consistent adiabatic propagator. Figure 3 compares the adiabatic normal mode and the~calculation.
Both results are in excellent agreement with the benchmark (2). A key improvement from the calculation of the Iossless wedge is that only 29 modes are needed in the calculation. Figure 3 demonstrates that benchmark 3 is really adiabatic. It also demonstrates that it is possible to construct an efficient coupled mode approach that properly includes the modal continuum, Finally, coupling was small. 
